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Abstract: The work proposes a nonlinear combination, two-parameter damage model of maxi-
mum deformation and hysteretic energy dissipation. Comparing the performance of the proposed
model with that of existing damage models reveals that the proposed model can accurately reflect
the earthquake damage mechanism. For comparison, the structural damage curves and seismic
fragility curves of two single-parameter models (deformation and energy) and two two-parameter
models (Niuditao model and the proposed model) are drawn in accordance with the incremental
dynamic analysis results of an eight-story RC frame structure under the input of 50 seismic
waves. Results show that structural collapse performance will be overestimated when the inter-

story drift angle is used as the sole structural damage index, whereas the exceedance probability
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of structural damage will be underrated if energy dissipation is used as the sole structural damage

index. The proposed model can well balance the influence of maximum deformation and cumula-

tive damage on structural damage.

Keywords: damage model; two-parameter model; inter-story drift angle; vulnerability
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Table 1 Regression data of combination coefficients
45 2 Xom X, Ey E, D
1 0.569 2.84 0 3.954 %107 0.35
4 0.519 2.17 4.978X10° 1.214X10° 0.45
25 H) 1CEL 3D 5 0.652 3.19 4.147 X103 1.778%10° 0.45
6 0.879 3.29 8.575X 10° 3.631X 108 0.5
7 1.119 2.58 1.306 X 10* 5.377 X107 0.5
1 1.020 2.84 0 2.181X10° 0.35
2 0.555 2.57 2.952X 10° 5.996 107 0.3
S 1 ORI 3 0.489 2.63 2.62610* 4.660X10° 0.3
4 0.914 2.17 8.178X 10" 2.018 X 108 0.45
5 1.300 3.19 8.446X 10" 1.894 X 108 0.45
6 1.606 3.29 9.366 < 10* 3.669X 107 0.5
2 0.475 2.57 0 3.490 X 10° 0.3
3 0.437 2.63 1.371X10* 3.716 X107 0.3
S 1G5+ T 4 0.897 2.17 1'042><10f 2.164 X108 0.45
5 1.175 3.19 1.202X10° 2.785X 108 0.45
6 1.251 3.29 9.727 X 10* 9.860 % 107 0.5
7 1.285 2.58 4.709X 10" 3.138X 107 0.5
1 0.760 2.84 0 5.004 X 10° 0.35
4 0.815 2.17 7.199 X 10* 3.069X 108 0.45
L5 1 (Bl KD 5 1.041 3.19 9.114 X 10* 4.348X 108 0.45
6 1.048 3.29 9.009 X 10* 1.932X108 0.5
7 1.170 2.58 5.456 X 10* 4.530 X107 0.5
1 0.578 1.11 6.840 X 102 4.002X10° 1.0
St 2 GE 42U 2 0.913 2.05 2.soo><1o-f 1.366 X107 0.5
3 0.672 1.66 4.311X10° 6.667 X 10° 0.48
4 0.515 1.28 3.629X10° 1.977 X105 0.45
1 1.430 2.47 0 1.194 X108 0.25
2 5.141 7.07 3.515X 10" 2.111X10° 0.2
Sty 3CELD 3 1.203 3.88 9~243><10f 3.390 X 10° 0.35
4 1.954 4.54 1.118 X107 2.613X 108 0.25
5 0.658 3.39 2.549 X 10" 1.519X10° 0.3
6 1.004 5.18 2.065X 10* 1.438X10° 0.2
ShH 1CEL I 1 0.313 0.74 0 4.575X10° 0.75
2 0.404 1.12 9.383 X103 1.202 X107 0.4
S ACR I 1 0.318 0.74 2.360X10° 4.314X10° 0.75
2 0.312 1.12 6.828 X103 3.218 X107 0.4
1 1.313 3.85 0 6.863X 108 0.55
Lot 5CEL ) 2 1.410 3.44 7.471><1o-f 2.224 X107 0.75
3 0.540 2.11 2.015X10° 1.364 X105 0.7
1 2.398 3.85 0 8.975X 107 1
ZEH 5GER+REW) 2 3.376 3.44 2.348 X 10" 6.098 X103 1
3 1.004 2.11 3.568X 10° 1.124 X10° 1
1 2.309 3.85 0 1.038 X108 1
L5 5(ElH- KD 2 3.313 3.44 3.540 X 10" 6.649X 10° 1
3 0.784 2.11 5.674X 103 3.110% 10° 1
1 0.551 1.28 0 7.194 X107 0.4
2 1.153 2.12 0 2.223X108 0.35
25K 6 (T4 ) 3 0.917 3.27 1.703 X103 1.396 X107 0.3
4 0.777 2.68 3.186X10° 6.938X 108 0.3
5 1.400 3.35 7.097 X103 1.009 X 108 0.3
1 0.401 1.28 0 2.119X 108 0.4
2 0.930 2.12 0 4.792X 108 0.35
LK 6 CR D 3 0.974 3.27 7.249 X103 1.177 X10° 0.3
4 0.845 2.68 1.461x 10" 5.440X 108 0.3
5 0.930 3.35 6.190 X103 4.004 108 0.3

TE R TE X RIS X B BRA Y mm, R AL AR Ey WRAERE E. 98423 % kN « mm
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Table 2 Several different weighted combination modes of structural overall damage indexes
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Table 3 The range of damage indexes for different damage levels

50 5 531 ARG BEIR LR TEN Pl N3N 1815
(A2 % 0.0~0.11 0.11~0.24 0.24~0.5 0.5~1 >1
P-A BRI 0.0~0.1 0.1~0.25 0.25~0.4 0.4~1 >1
Ak e A R L6 0.0~0.2 0.2~0.4 0.4~0.65 0.65~0.9 =>0.9
AR SRR Y 0.0~0.2 0.2~0.4 0.4~0.65 0.65~0.9 =>0.9
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Fig.2 Constitutive relation of concrete materials
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Table 4 The selected ground motion records

¥ MR A4 FR PP DALY PGA /g
1 Friuli Ttaly-02 Forgaria Cornino 0.255
2 San Fernando LA-HollywoodStor FF 0.225
3 Managua Nicaragua-01 Managua, ESSO 0.260
4 Parkfield Cholame-Shandon Array #5 0.391
5 Taiwan SMART SMART1 007 0.085
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Fig.3 Comparison of several global structural damage curves
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Fig.4 Vulnerability curves of RC frame under four kinds of ultimate states
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